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ABSTRACT Human glycolipid transfer protein (GLTP) serves as the GLTP-fold prototype, a novel, to our knowledge, periph-
eral amphitropic fold and structurally unique lipid binding motif that defines the GLTP superfamily. Despite conservation of all
three intrinsic Trps in vertebrate GLTPs, the Trp functional role(s) remains unclear. Herein, the issue is addressed using circular
dichroism and fluorescence spectroscopy along with an atypical Trp point mutation strategy. Far-ultraviolet and near-ultraviolet
circular dichroism spectroscopic analyses showed that W96F-W142Y-GLTP and W96Y-GLTP retain their native conformation
and stability, whereas W85Y-W96F-GLTP is slightly altered, in agreement with relative glycolipid transfer activities of >90%,
~85%, and ~45%, respectively. In silico three-dimensional modeling and acrylamide quenching of Trp fluorescence supported
a nativelike folding conformation. With the Trp%-less mutants, changes in emission intensity, wavelength maximum, lifetime,
and time-resolved anisotropy decay induced by phosphoglyceride membranes lacking or containing glycolipid and by excitation
at different wavelengths along the absorption-spectrum red edge indicated differing functions for W142 and W85. The data
suggest that W142 acts as a shallow-penetration anchor during docking with membrane interfaces, whereas the buried W85
indole helps maintain proper folding and possibly regulates membrane-induced transitioning to a glycolipid-acquiring conforma-
tion. The findings illustrate remarkable versatility for Trp, providing three distinct intramolecular functions in the novel amphi-

tropic GLTP fold.

INTRODUCTION

Glycolipid transfer protein (GLTP) was initially discovered
in the membrane-free cytosolic extract of bovine spleen
because of its ability to selectively accelerate the intermem-
brane transfer of glycolipids ((1) and references therein).
Proteins with similar activity subsequently were found in
a wide variety of tissues. GLTPs (~209 amino acids) are
highly conserved among mammals, show high specificity
toward glycolipids, and occur in nearly all eukaryotic cells,
with the possible exception of certain unicellular yeasts
(1-3). GLTP uses a distinct two-layer sandwich motif,
dominated by a-helices and achieved without intramolecu-
lar disulfide bridges, to bind a single glycolipid molecule
(4-6). Because of its unique conformation among lipid-
binding/transfer proteins, the GLTP fold serves as the proto-
type for the GLTP superfamily (1,3).

The pivotal role played by GLTP-like folds in
larger proteins, e.g., phosphoinositol 4-phosphate adaptor
protein-2 (FAPP2), has recently become clear. FAPP2
(519 amino acids) contains a pleckstrin homology (PH)
domain that binds to phosphatidylinositol 4-phosphate in
the Golgi in an ADP-ribosylation-factor-dependent manner
and a GLTP-like domain that enables transport of glucosyl-
ceramide (GlcCer) from its site of synthesis in the cytosolic
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leaflet of the Golgi complex to its site of conversion into
more complex glycosphingolipids in the late Golgi compart-
ments (7). In vivo RNAi knockdown of FAPP2-mediated
GlcCer transfer fails to block the transport of newly synthe-
sized GlcCer to the cell surface in the presence of the vesicle
trafficking disruptor brefeldin A, suggesting partial redun-
dancy of GlcCer transfer by GLTP (8). It came as no surprise
that molecular modeling of the FAPP2-GLTP-like domain
shows conservation of key residues involved in glycolipid
transfer/binding and high folding homology with GLTP (7).

The region surrounding the glycolipid binding site of
GLTP is postulated to serve as its membrane interaction
domain based on the proximity of nearby tryptophans, tyro-
sines, and lysines (4,5,9—13). These membrane interaction
residues are spatially organized within a conformational
fold that differs from other known membrane interaction/
docking domains associated with various peripheral and am-
phitropic proteins, i.e., the Cl1, C2, PH, PX, and FYVE
domains (9,14-17). Membrane interaction by the amphi-
tropic GLTP fold enables binding of glycolipid and forma-
tion of a soluble complex (12,18-20). Mapping of the
glycolipid binding site by high-resolution structural and
point-mutational studies has shown that the GLTP fold adapts
to accommodate glycolipids with various sugar-headgroup
and acyl structural differences (4-6,12). The crystal struc-
tures of glycolipid-free GLTP and GLTP-glycolipid
complexes provide before-and-after snapshots of the
protein’s conformation, which is only slightly altered by
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binding of various glycolipids (4—6). Nonetheless, interac-
tion of GLTP with membranes containing glycolipid dramat-
ically alters intrinsic Trp fluorescence, producing an intensity
decrease (~40%) and a large blue shift (~12 nm) in emission-
wavelength maximum (10,12,19). The changes in Trp fluo-
rescence induced by interaction with membranes containing
glycolipid are dominated by Trp”®, masking the contributions
from the other two Trp residues (Trp®> and Trp'*?) that also
reside on/near the protein surface. To elucidate the functional
role(s) played by Trp® and Trp'*?, we developed new Trp
mutants of human GLTP, i.e., W96Y, W85Y-WO6F, and
WOI6F-W142Y. Fluorescence and circular dichroic spectro-
scopic analyses in the presence and absence of membranes
containing or lacking glycolipid provide experimental
evidence to support the idea that Trp®® and Trp®’ play distinct
and differing roles in the amphitropic GLTP fold.

MATERIALS AND METHODS

GLTP Trp mutants (W96Y, W85Y-W96F, and WO6F-W142Y) were produced
by QuikChange mutagenesis (Stratagene, La Jolla, CA). Measurements of
glycolipid intermembrane transfer activity, circular dichroism (CD) spectros-
copy, and Trp fluorescence are described in the Supporting Material.

RESULTS
Tryptophan topography in wtGLTP

X-ray diffraction and fluorescence studies have shown that
all three Trp residues are located at or near the surface of
human GLTP (4-6,10-13,19). W142 is completely exposed
to the aqueous milieu (Fig. 1), whereas W96 forms the
bottom of a surface depression, serving as a stacking plat-
form that orients the initial ceramide-linked sugar for
hydrogen bonding with Asp*®, Asn®?, and Lys™. W85 is
located near the protein surface, but its indole ring projects
toward the interior and is sandwiched between Pro®® (cis
configuration) and Lys78 (cation-7r interaction), facilitating
hydrogen bonding between the pyrrole nitrogen group and
the Thr®' side-chain hydroxyl group. The Trps are located
within or close to the glycolipid binding site, near a cluster
of nonpolar residues (Fig. 1 B) that form a putative
membrane interaction domain (4—6). To evaluate Trp func-
tionality, active single-Trp GLTP mutants were generated
using an atypical strategy involving replacement with both
Phe and Tyr. Compared to wtGLTP, W96F-W142Y-GLTP
and W96Y-GLTP retained >90% and ~85% activity, respec-
tively; whereas WS85Y-W96F-GLTP transfer activity
decreased to ~45% (Fig. S1 in the Supporting Material).
Similar outcomes were obtained using fluorescently labeled
glycolipid to monitor transfer activity (data not shown).

CD spectral analysis

Far-ultraviolet (UV) CD (190-250 nm) analyses of wtGLTP
showed a secondary structure dominated by «-helices
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FIGURE 1 Tryptophan topography and surface hydrophobicity of human
GLTP. Mapping was accomplished using Chimera, which relies on the
Kyte-Doolittle scale to rank amino acid hydrophobicity, with blue indi-
cating most hydrophilic, white equaling 0.0, and orange-red being most
hydrophobic. (A) Structure of the glycolipid-free form of human GLTP
(PDB 1SWX). (B) Structure of human GLTP complexed with N-nervonoyl
GalCer (PDB 2EUK).

(Fig. 2 A and Table S1) and characterized by a highly
cooperative, thermally induced unfolding transition near
54°C (Fig. 2 C). The findings are consistent with high-resolu-
tion x-ray diffraction analyses showing a two-layer fold domi-
nated by a-helices and lacking disulfide stabilization (4-6).
As illustrated in Fig. 2 A and Table S1, the overall secondary
structures of the three Trp mutants, i.e., W96Y-GLTP,
WOI6F-W142Y-GLTP, and W85Y-W96F-GLTP also are domi-
nated by a-helices, albeit 6—11% less than in wtGLTP, and are
characterized by unfolding transition temperatures of 55.6,
52.5 and 49°C, respectively. W85Y-W96F-GLTP showed
slightly greater loss of helicity reflected by an average short-
ening of helices by approximately one residue (or loss of
one entire helix) and a stability decrease of ~5°C.
Near-UV-CD (250-350 nm) analyses enable potential
insights into local tertiary structure (21-23). Signals in the
250-270 nm region generally are attributed to Phe, those in
the 270-290 nm region to Tyr, and those in the 280-300 nm
region to Trp. As shown in Fig. 2 B, near-UV-CD spectra of
wtGLTP are characterized by low environmentally induced
optical activity emanating from the aromatic residues, i.e.,
3 Trp, 10 Tyr, and 10 Phe. The negative signals at ~255,
~262, and ~268 nm belong to the 10 Phe residues, whereas
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FIGURE 2 CD spectra of wtGLTP and Trp°®-less mutants. (A) Far-UV CD. The spectra are characteristic of high helical content in GLTP with large nega-
tive n-7r* transitions at 222 nm and mr-7* transitions split into two transitions because of exciton coupling resulting in negative bands at ~208 nm and positive
bands at ~192 nm. (B) Near-UV CD. For wtGLTP and the three Trp°-less mutants, the near-UV CD signals are weak. The loss of the negative 293-nm signal
in all three mutants suggests that it originates from Trp®®. (C) Derivative plots for temperature dependence of molar ellipticity at 222 nm. The relatively low
midpoints of all unfolding transitions are consistent with a lack of conformational stabilization by intramolecular disulfides, as expected for the GLTP fold.
The W85Y-WI96F-GLTP conformation is the most strongly destabilized (T, = 49°C), whereas W96 Y-GLTP (T, = 55.6°C) stability slightly exceeds that of
wtGLTP (T,, = 54°C). For W96F-W142Y-GLTP, T,, =52.5°C. For details of spectrum recording, see Supporting Material.

the prominent negative signal near 293 nm can originate from
Tyr or Trp. WI96Y-GLTP and W96F-W142Y-GLTP show
a moderate increase in the Trp/Tyr signal region, whereas
W85Y-WIO6F-GLTP spectra are least similar to wtGLTP.
The loss of the negative 293-nm signal in all three mutants
suggests that it originates from W96.

3D modeling of GLTP Trp mutants

The tertiary structure of each mutant also was analyzed
using the 3D-Jigsaw Comparative Modeling algorithm,
which builds three-dimensional protein models based on
homologs of known structure (24). The analyses indicate
that the Trp point mutations exert minimal effects on the
global tertiary folding of GLTP (Fig. S2).

Steady-state fluorescence analysis

Fig. 3 shows the Trp emission responses of wtGLTP, W96Y-
GLTP, W85Y-WO6F-GLTP, and W96F-W142Y-GLTP at
identical protein concentrations. The spectra allow estima-
tion of the relative contribution of each Trp to the total
average signal of wtGLTP, showing that W96, W142, and
W85 contribute ~70-80%,~16-20%, and ~4-5%, respec-
tively. The high intensity of W96 is consistent with partially
limited accessibility compared to the moderate intensity of
W142, which is totally accessible to the polar aqueous
milieu (25). The low intensity of the W85 emission seems
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to reflect quenching of its indole ring by sandwiching
between P86 and K78 (cation-7 interaction). The Apax
values of 345 nm for W96Y-GLTP, 346 nm for W85Y-
WO6F-GLTP, and 336 nm for W96F-W142Y-GLTP also
are consistent with greater exposure of W96 and W142 to
the aqueous milieu compared to W85.

Quantum yields and lifetimes

Compared to wtGLTP, elimination of W96, W96 + W85,
and W96 + WI142 decreased the quantum yields by
~64%, ~68%, and ~92%, respectively (Table 1). Mean life-
times of 6.71, 5.51, 4.44, and 3.26 ns for wtGLTP, W96Y-
GLTP, W85Y-WO6F-GLTP, and WO96F-W142Y-GLTP,
respectively, followed a similar hierarchy.

Quenching of wtGLTP and Trp mutants
with soluble quenchers

Trp exposure was analyzed using acrylamide and KI to
quench Trp emission. Fig. 4 A shows the quenching profiles
obtained for wtGLTP and Trp’*-less GLTP mutants with
respect to acrylamide concentration. The slopes of the
Stern—Volmer quenching constants yielded Kgy values
(Table 2) of 5.89, 6.35, 7.51, and 2.67 M~! for wtGLTP,
WO6Y-GLTP, WS85Y-WI96F-GLTP, and WO96F-W142Y-
GLTP, respectively. Quenching profiles obtained with iodide
were nearly linear for wtGLTP but showed downward
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FIGURE 3 Trp emission of wild-type GLTP and Trp°®-less mutants.
Emission spectra of WO96Y-GLTP, WS85Y-W96F-GLTP, and W96F-
W142Y-GLTP were obtained in phosphate-buffered saline at pH 7.4 by
exciting at 295 nm as described in the Supporting Material.

curvature with Trp%-less GLTP mutants, especially above
150 mM KI. For this reason, the corresponding average
rate constant for collisional quenching (ky) by acrylamide
and KI, also was calculated (kq = K,/7,, Where 7, is the
average lifetime of fluorescence decay) and listed in Table 2.
Among the Trp”®-less GLTP mutants, kq and Kgy values
were consistent with greater quencher access to W142
compared to W85.

Red-edge excitation shift analyses

Solvent accessibility and environmental mobility for each
Trp were further analyzed by measuring the emission Ay,x
after excitation at different wavelengths along the red
edge of the Trp absorption spectrum. Increases in emission
Amax> Known as red-edge excitation shifts (REES) (26,27),
can indicate environmental heterogeneity reflecting polarity
change in the vicinity of Trp and/or restricted Trp mobility.
Fig. 5 shows that changing the excitation wavelength from

TABLE 1 Quantum yields of wtGLTP and Trp mutants of
wtGLTP at 25°C

Protein Average quantum yield Mean lifetime
wtGLTP 0.207 (£0.004) 6.71 ns
W96Y-GLTP 0.0747 (£0.002) 551 ns
W85Y-WI6F-GTLP 0.0677 (£0.003) 4.44 ns
WOI6F-W142Y-GLTP 0.0178 (£0.0003) 3.26 ns
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FIGURE 4 Acrylamide and KI quenching of wtGLTP and Trp®®-less
GLTP mutants Evaluated according to Stern-Volmer. (A&B) Protein
samples in PBS were titrated with small aliquots of 5M stock quencher
solution and fluorescence spectra were recorded after each addition.
KI stock solution was stabilized with 10 mM sodium thiosulfate to prevent
the formation of 15", which absorbs in the region of Trp fluorescence. Stern-
Volmer quenching constants (Kj,) were determined by nonlinear fitting and
were used to calculate collisional quenching rate constants (ky) according to
kq= K, /7,. Values are listed in Table 2.

280 nm to 307 nm for wtGLTP results in A, shifts from
347 to 345 nm, indicating no REES. Use of excitation wave-
lengths >290 nm to minimize contributions from the 10 Tyr
residues of wtGLTP did not change the outcome. For W96Y-
GLTP, W85Y-WI96F-GLTP, and W96F-W142Y-GLTP,
similar emphasis on excitation wavelengths >290 nm re-
sulted in REES of ~4 nm, ~3 nm, and >12 nm, respectively.

Biophysical Journal 99(8) 2626—2635
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TABLE 2 Trp emission quenching analysis

Acrylamide KI
Protein K., kg x 107° K., kg x 107°
wtGLTP 5.89 0.8775 7.88 1.175
W96Y-GLTP 6.35 1.152 6.58 1.194
W85Y-WI6F-GLTP 7.51 1.692 8.16 1.837
WOI6F-W142Y-GLTP 2.67 0.819 2.41 0.739

K., Stern-Volmer constant; kq, collisional quenching rate constant.

REES induced by membrane interaction

Motional restriction of a polar fluorophore by ligand binding
or by penetration into lipid phases can produce REES when
the dipolar relaxation time of the solvent shell around the
fluorophore becomes equal to or longer than the fluores-
cence lifetime (26,27). Fig. 6 and Fig. S4 show that wtGLTP
exhibited an ~1-2 nm free-solution REES value that
remained low in the presence of palmitoyloleoylphosphati-
dylcholine (POPC) vesicles but increased substantially
(67 nm) when the POPC vesicles contained glycolipid.
With Trp%-less mutants, substantial REES was observed in
the absence of vesicles if either W85 or W142 was replaced.
For instance, W85Y-W96F-GLTP showed 811 nm REES
in the absence or presence of POPC vesicles lacking or con-
taining glycolipid. W96F-W142Y-GLTP behaved similarly,
except that higher REES (17-23 nm) was observed. The
lack of membrane-induced REES for the Trp double
mutants raised the possibility that replacement of W96
might hinder detection of membrane-induced changes.
However, mutation of W96 to either Y or F resulted in rela-
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FIGURE 5 REES dependence of Trp emission maxima of Trp”®-less
GLTP mutants. Fluorescence measurements were performed as described
in the Supporting Material. Protein concentrations were 1 uM.
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FIGURE 6 REES of wtGLTP and GLTP Trp’-less mutants in the pres-
ence of various lipids. Fluorescence measurements were performed as
described in the Supporting Material. Determinations for W96F-W142Y-
GLTP were limited to excitations of 295 nm or less because of the
extremely weak emission signal peak. To minimize contributions from
Tyr, data were analyzed from excitations of 290 nm and higher. Protein
concentrations were 1 uM.

tively low REES in solution but significantly elevated REES
in the presence of POPC vesicles. WO6Y-GLTP exhibited
a 4-nm REES that increased significantly upon incubation
with POPC vesicles lacking (~8 nm) or containing
(~12 nm) glycolipid. A similar response was observed
with WI96F-GLTP (data not shown). Collectively, the data
suggest that the strong W96 signal obscures detection of
membrane interaction (but not glycolipid binding) and that
both W85 and W142 are needed in Trp”°-less mutants to
observe REES changes induced by membrane interaction.

Membrane effects on fluorescence lifetimes
and time-resolved anisotropy Decays

To evaluate further, lifetimes were determined in the pres-
ence of POPC or POPC/CS8-LacCer (8:2) vesicles. Slightly
shortened lifetimes were observed for wtGLTP (6.71 —
6.41 ns) and W85Y-WI6F-GLTP (4.44—4.32 ns) upon
incubation with POPC vesicles, whereas slightly longer life-
times resulted for W96Y-GLTP (5.51 — 5.63 ns) and W96F-
WI142Y-GLTP (3.26 —3.41 ns). When LacCer was
included in the POPC vesicles, wtGLTP (6.71 — 4.74 ns)
and W96Y GLTP (5.51 —4.36 ns) displayed substantially
shorter lifetimes (30% | and 20% |, respectively), whereas
the W85Y-WI96F-GLTP liftetime was unchanged (4.44 —
4.38 ns) and that of WI96F-W142Y-GLTP was slightly
longer (3.26—3.5 ns). Table S2 summarizes the lifetime
data and also contains the calculated rotational correlation
times, which were found to be 15.6, 14.97, 16.11, and
16.34 ns for wtGLTP, W96Y-GLTP, W85Y-W96F-GLTP,
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and WI96F-W142Y-GLTP, respectively, in the absence of
vesicles. Values of 15.48, 12.09, 8.89, and 5.91 ns, respec-
tively, were determined in the presence of POPC vesicles,
compared to values of 6.37, 8.73, 4.79, and 3.83 ns when
the vesicles contained LacCer. The data show that all three
Trp residues undergo dynamic changes during interaction
with membranes containing glycolipid. Although the
changes associated with W96 reflect glycolipid binding,
those of W142 and W85 are consistent with environmental
and/or conformational changes that occur in response to
membrane interaction.

Emission-intensity changes induced
by membrane interaction

Fig. 7 shows how incremental addition of POPC vesicles
(0-110 uM) lacking or containing 20 mol % 8:0-LacCer
affected the emission intensity of the Trp’°-less mutants.
WtGLTP, which served as a reference (Fig. 7 A), showed
a large Ap.x blue shift, i.e., ~347—336 nm, accompanied
by substantially decreased (~40%) emission intensity upon
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addition of sufficient glycolipid (~6-8 uM vesicles) to
saturate the single glycolipid binding site. Further additions
of vesicles produced small decreases in intensity along
with slightly more blue-shifting of A.x (~2-3 nm). In
contrast, when the POPC vesicles lacked glycolipid
(Fig. 7 A, left), the decreases in Trp emission intensity and
Amax blue shift occurred incrementally over the entire range
of vesicle additions and without the initial large changes
induced by glycolipid binding. The net effect was less
intensity decline (~15%) and almost no Ap.x blue shift
(~1 nm). From these responses, the membrane partition
coefficient values of wtGLTP were calculated as for the
fungal GLTP, HET-C2 (28). wtGLTP partition coefficients
were calculated to be 10.3 and 22.2 uM for POPC small uni-
lamellar vesicles (SUVs) and POPC extrusion vesicles,
respectively; whereas the respective Ky values were 1.43
and 3 uM with SUVs and extrusion vesicles containing
LacCer (Table 3).

Compared to wtGLTP, all three Trp”®-less mutants ex-
hibited different changes in Trp emission upon stepwise
addition of membrane vesicles containing or lacking
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FIGURE 7 Changes in Trp emission of wtGLTP and Trp®®-less mutant induced by lipids. POPC vesicles lacking or containing glycolipid were introduced
in stepwise fashion with 5-min incubation times between injections. (A) Wt-GLTP. The initial aliquots of membrane vesicles containing LacCer induce
a strong intensity decrease and A, blue shift in wtGLTP (by ninth aliquot, total available glycolipid = ~1.35 uM). Additional injections result in Trp emis-
sion intensity decreases of similar magnitude to those observed with POPC vesicles lacking glycolipid. The A, blue shift occurred only when the vesicles
contained glycolipid. (B) W85Y-W96F-GLTP. (C) W96F-W142Y-GLTP. (D) W96Y-GLTP were treated the same as in A. Fluorescence experiments were

performed as detailed in the Supporting Material.
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TABLE 3 K, values of WT-GLTP and Trp mutants for SUV and extruded vesicles

Partition coefficient (Ky) (uM)

POPC C8-LacCer/POPC
Protein SUV Extruded vesicles SuUv Extruded vesicles
WtGLTP 10.31 = 0.29 2221 = 4.73 143 +0.07 3.05 £0.65
W96Y-GLTP — — 2.11 £0.14 1.04 =0.16
W85-WI96F-GLTP 4.13 = 0.24 6.61 =1.07 4.88 +0.58 7.59 +=1.28
WOI6F-W142Y-GLTP — — — —

Partition coefficient constants (K4) were determined by nonlinear fitting analyses of POPC- and C8-LacCer/POPC-vesicle-induced changes in GLTP Trp
emission intensity, as detailed in the Supporting Material. For C8-LacCer/POPC, values were calculated at fixed wavelength (353 nm) in the emission
peak for wtGLTP (12). Glycolipid pool size in the POPC-vesicle outer leaflet and available for interaction with GLTP was estimated from transbilayer distri-

butions as described previously (12).

glycolipid (Fig. 7, B-D). As expected, the decreases in
emission intensity and the A, blue shifts were strongly
diminished in absolute terms, consistent with the domi-
nating contributions by W96 (12). The weakness of the
signal changes and lack of clear-cut saturation compromised
accurate assessment of membrane partition coefficients for
Wo6Y and WO6F-WI142Y-GLTP, but not for W85Y-
WO6F-GLTP (Table 3). It is worth noting, however, that
stepwise addition of POPC vesicles either lacking or con-
taining 8:0 LacCer to W96Y-GLTP (Fig. 7 D) resulted in
emission-intensity decreases that are larger in magnitude
when glycolipid is present in the vesicles. A small blue shift
(~2 nm) in Ay, also occurs. The finding is consistent with
W142 and/or W85 providing relatively weak signal change
that reflects protein partitioning to POPC vesicles. To deter-
mine whether W142 or W85 was responsible, additional
experiments were performed. Stepwise addition of POPC
vesicles either lacking or containing 8:0 LacCer to the
GLTP mutant containing only W142 (W85Y-W96F-GLTP
(Fig. 7 B)) resulted in comparable decreases in relative
intensity, except for the initial additions. Also, little or no
Amax blue shift was evident (Table S3). When only W85 re-
mained (W96F-W142Y-GLTP (Fig. 7 C)), increases in rela-
tive emission intensity were elicited by stepwise addition of
POPC vesicles. It is worth noting that when vesicles lacked
glycolipid, larger intensity increases and a significantly
blue-shifted A,,,x were observed.

DISCUSSION

Protein classification as peripheral and amphitropic origi-
nally indicated weak and reversible binding to membranes,
with protein function dependent on the translocation process
(29). More recently, the amphitropic protein category has
been expanded to include water-soluble, channel-forming
polypeptide toxins, despite the fact that functional channel
formation by the peptides results in irreversible membrane
association, a key feature of integral membrane proteins
(30). GLTP meets the original criteria of a peripheral, am-
phitropic protein by virtue of transient membrane associa-
tion during the binding and transfer of glycolipids. More
important, from the standpoint of conformational architec-
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ture among known membrane interaction domains and lipid
binding motifs, the GLTP fold is unique.

In vertebrate GLTPs, all three Trp residues are conserved
(3). Although the key role of Trp®® in the glycolipid binding
process has been unequivocally established (4-6,12,19), the
involvement of the Trp residues in membrane interaction
and other events has remained less clear. Various reports
have suggested that one, two, or all three of the Trps are
part of a putative GLTP membrane interaction domain
(9—11). Our approach for defining W85 and W142 function-
ality involved an atypical point mutation strategy for Trp
double-mutant construction. Rather than using only Phe
as a replacement for Trp, our strategy relied on replacement
of Trp with both Phe and Tyr. Previously, West et al. (10)
used the standard Phe-only substitution approach to
generate double-Trp mutants, W96,142F-GLTP and
W85,96F-GLTP, but found them to be inactive, thus
preventing functional assessment of W85 and W142. Our
atypical mutational strategy resulted in active GLTP
double-Trp mutants that contain only W85 or W142.

The success of the mutational strategy emphasizes how
seemingly minor structural differences in aromatic side
chains can be important for maintaining physicochemical
features essential for functionality. Like Trp, Tyr is some-
what polar by virtue of a hydroxyl group at the para position
of the benzene ring, whereas Phe is very nonpolar, having
hydrogen at the same position of its benzene ring. In human
GLTP, the increased polarity provided by Tyr substitution is
expected to help maintain favorable energetics among
neighboring residues that interact with W85 and W142.
In the case of W142, the effectiveness of Tyr over Phe seems
to support this idea. W142 is completely exposed on the
protein surface in an ideal position for penetrating the
bilayer interfacial region during membrane interaction by
GLTP (4,13,31-34). Although located sufficiently close
(~4.6 A) to K146 for cation-7 interaction (35), our crystal
structures indicate less-than-optimal orientations (Fig. 8, A
and B), leaving the issue unresolved. More likely, mutation
of W142 to Phe, when also accompanied by mutation of
Trp96 to Phe (as studied by West et al. (10)), enhances
self-aggregation (and activity loss) compared to W96F-
W142Y-GLTP. Phe residues are known to promote
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FIGURE 8 Neighboring residues of Trp®® and Trp®® in GLTP. (A-C)
Trp® is near the surface but its indole ring projects inward and is sand-
wiched between Pro®® and Lys’®, which is suitably located for cation-
interaction with Trp® (35). Trp®® is surface-localized and completely
accessible to the aqueous milieu. Nearby Lys'*® does not appear to be
optimally oriented for cation-7 interaction with Trp®®. Trp®® is located
~30-32 A from Trp'*? and ~14-16 A from Trp®®. (D) GLTP orientation
and positioning during initial membrane docking. Residues involved in
the initial docking of GLTP with the membrane interface were identified
using the orientation of proteins in membranes (OPM) computational
approach (34). Lipid molecules, comprising half of the membrane
(aqua), are shown with wavy lines to represent the lipid hydrocarbon
chains. The dotted line corresponds to the membrane interface. GLTP
helices (gold) and important side-chain residues are labeled.

protein-protein interactions including self-interaction (36).
The presence of two nonpolar Phe residues on the GLTP
surface within its membrane-interaction patch may be
simply too much, given the preponderance of neighboring
nonpolar residues (Fig. 1 and Fig. S5).

In the case of W85, stacking occurs against cis-Pro®®
(~3.8 A) along with a favorable cation-pi interaction
(~4.2 A) with K78 (Fig. 8 (). This sandwiching of the
indole ring facilitates hydrogen bonding (~3.1 A) between
the pyrrole nitrogen group and the Thr®' side-chain
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hydroxyl group, accounting for the large REES and highly
quenched state of W85 in GLTP. Favorable stacking
energetics between Trp and cis-Pro occur because of the
dipole originating with the nitrogen heteroatom and the
cyclic arrangement of proline, resulting in favorable electro-
static interaction (37,38). Similarly, because of favorable
stacking, Tyr occurs more frequently than Phe immediately
before cis-Pro in native proteins (39). As for cation- inter-
actions (35), the likelihood of aromatic side-chain participa-
tion is Trp > Tyr > Phe, providing a rationalization for
better preservation of function by mutation to Tyr than by
mutation to Phe.

Distinct functional roles for the three Trps
of the vertebrate GLTP fold

Since all three Trp’®-less mutants show preservation of
glycolipid transfer activity (Fig. S1), it is not surprising
that far-UV CD shows helical content remaining high and
temperature midpoints of thermally-induced unfolding tran-
sition differing only slightly from those for wtGLTP (~54°C).
For W96F-W142Y-GLTP and W85Y-W96F-GLTP, unfold-
ing-transition temperature midpoints are 52.5 and 49°C,
respectively, along with lower transition cooperativities,
indicating slight destabilization. In contrast, the 55.6°C un-
folding transition temperature midpoint and enhanced transi-
tion cooperativity of W96 Y-GLTP indicate slightly increased
stability. Near-UV-CD analyses (250-350 nm) proved to be
less informative for assessment of tertiary folding status,
despite the presence of 10 intrinsic Tyr along with Trp,
because of an inherently weak near-UV CD signal. Nonethe-
less, fluorescence emission responses of the Trp”®-less
mutants are consistent with preservation of global folding.
Collectively, the emission A, values, the accessibility to
quenching by acrylamide and iodide, and the REES of
W85Y-WIO6F-GLTP and W96F-W142Y-GLTP suggest free
accessibility and dynamic motion by W142, but limited
accessibility and restricted motion of W85.

It is noteworthy that all three GLTP Trp’°-less mutants
display dramatically reduced absolute average Trp intensities,
quantum yields, and lifetimes as a consequence of Trp’®
replacement. The mutants make it possible to estimate the
signal contribution of each Trp in wtGLTP to the total average
Trp intensity: ~70-80% for W96, ~16-20% for W142, and
~4-5% for W85. When the dominant emission contributions
of W96 and related changes induced by glycolipid binding
(i.e., the ~40% intensity decrease and ~12-nm A, blue shift
(12)) are eliminated, the emission responses associated with
W142 and/or W85 during membrane interaction become
observable. Taking into consideration the location of W142
and its free accessibility on the surface of GLTP, the steadily
declining intensity of W85Y-W96F-GLTP fluorescence
(and lack of A, blue shift) in response to stepwise
addition of POPC vesicles containing or lacking glycolipid
provides experimental support for W142 involvement in the
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GLTP-membrane interaction process, as predicted when
GLTP structure was first solved (4). The lack of strongly
elevated GLTP partitioning to vesicles containing glycolipid
is consistent with our earlier observations by resonance
energy transfer between GLTP and vesicles containing
dansyl phosphatidylethanolamine at physiological ionic
strength (9). The decrease in W142 emission intensity
supports previous findings of shallow penetration into the
outer surface of the membrane interfacial region, possibly
involving cation-m interaction with the choline moiety
(33,40), rather than deep penetration into the membrane
hydrocarbon chain region (Fig. 8 D), in agreement with the
study by Rao et al. showing a lack of hydrocarbon chain
perturbation for wtGLTP by diphenylhexatriene fluorescence
(9). In the vesicle outer surface, curvature stress alters lipid
packing and increases the mobility of hydrated functional
groups in the vicinity of the glyceride backbone (41), condi-
tions expected to enhance Trp quenching. Other examples
of decreases in Trp emission intensity have been reported
for other proteins interacting with SUVs produced by probe
sonication (42-44).

In contrast to the freely exposed environment of W142 of
the a6 helix (Figs. 1 A and 8 B), W85 is located along the
a3-a4 connecting ribbon, where stacking against P86 results
in inward projection of the indole ring and facilitation of
a cation-7 interaction with K78 on the adjacent a3 helix
(Fig. 8 C). Van der Waals bridging contacts between V88
(also on the a3-a4 connector) and Y81 (on the a3 helix)
further stabilize the sharp switchback loop in this same
region. The enhanced sensitivity of W96F-W142Y-GLTP
to thermal destabilization compared to all other mutants
and wtGLTP (Fig. 2 C) leads us to conclude that the role of
the buried and tightly sandwiched Trp® is to help maintain
proper GLTP folding and stability. It is tempting to speculate
that the intensity increase and A, blue shift of W96F-
W142Y that accompany the stepwise addition of vesicles
lacking glycolipid reflect a gate-opening conformational
change triggered by interaction with the membrane interface.
Partial relief of W85 quenching by the P86/K78 sandwiching
could accompany such a conformational change during
membrane interaction. The near absence of emission changes
when vesicles contain glycolipid is consistent with rapid
return to a conformational state similar to apoGLTP after
glycolipid binding. Indeed, x-ray diffraction data show that
the conformation of GLTP is globally unchanged after glyco-
lipid binding, with only localized and limited expansion of
ahydrophobic pocket encapsulating the nonpolar lipid region
(4-6). It is clear that the buried nature of the Trp®’ indole ring
precludes a direct role in initiation of GLTP docking with the
membrane (Fig. 8 D).

CONCLUSIONS

The significance of this study lies in the new insights gained
into the workings of Trp'** (membrane interaction) and
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Trp® (protein folding stabilization) in human GLTP com-
pared to the known role for Trp®® in glycolipid binding.
The findings illustrate the remarkable versatility of the three
intrinsic Trp residues, each having its own primary intramo-
lecular function within the novel, amphitropic GLTP fold.

SUPPORTING MATERIAL

Supporting material, including four tables and five figures, is available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(10)01033-7.
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